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Abstract
Mutations in, or elevated dosage of, SNCA, the gene for a-synuclein (a-syn), cause familial Parkinson’s disease (PD). Mouse
lines overexpressing the mutant human A53Ta-syn may represent a model of early PD. They display progressive motor
deficits, abnormal cellular accumulation of a-syn, and deficits in dopamine-dependent corticostriatal plasticity, which, in the
absence of overt nigrostriatal degeneration, suggest there are age-related deficits in striatal dopamine (DA) signalling. In
addition A53Ta-syn overexpression in cultured rodent neurons has been reported to inhibit transmitter release. Therefore
here we have characterized for the first time DA release in the striatum of mice overexpressing human A53Ta-syn, and
explored whether A53Ta-syn overexpression causes deficits in the release of DA. We used fast-scan cyclic voltammetry to
detect DA release at carbon-fibre microelectrodes in acute striatal slices from two different lines of A53Ta-syn-
overexpressing mice, at up to 24 months. In A53Ta-syn overexpressors, mean DA release evoked by a single stimulus pulse
was not different from wild-types, in either dorsal striatum or nucleus accumbens. However the frequency responsiveness of
DA release was slightly modified in A53Ta-syn overexpressors, and in particular showed slight deficiency when the
confounding effects of striatal ACh acting at presynaptic nicotinic receptors (nAChRs) were antagonized. The re-release of
DA was unmodified after single-pulse stimuli, but after prolonged stimulation trains, A53Ta-syn overexpressors showed
enhanced recovery of DA release at old age, in keeping with elevated striatal DA content. In summary, A53Ta-syn
overexpression in mice causes subtle changes in the regulation of DA release in the striatum. While modest, these
modifications may indicate or contribute to striatal dysfunction.
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Introduction
Parkinson’s disease (PD) is a neurodegenerative disorder
characterized by the degeneration of nigrostriatal dopamine
(DA) neurons, and the presence of proteinaceous aggregates,
called Lewy bodies, in surviving DA neurons. A major component
of Lewy bodies is a small protein called alpha synuclein (a-syn) [1].
Mutations in [2,3], or elevated dosage of [4], SNCA, the gene
coding for a-syn, including the A53T mutation [2], cause rare
familial forms of PD in humans. Recent GWAS studies have also
shown a strong association between single nucleotide polymor-
phisms (SNPs) in the SNCA locus and idiopathic PD [5,6].
Therefore a-syn is strongly implicated in the pathogenesis of PD.
The protein a-syn is expressed presynaptically throughout the
central nervous system but, despite extensive investigation [7–11],
its exact functions remain incompletely resolved. Recent work has
focused on its presynaptic roles in controlling vesicle fusion
[11,12], vesicle pool regulation [13–15] and vesicle clustering [16].
In cultured cells, overexpression of wild-type or mutant a-syn has
been reported to cause deficits in vesicle cycling and transmitter
release [11,16]. However, the effect of mutant a-syn on
dopaminergic signalling within the striatum, in regions differen-
tially vulnerable to degeneration in PD, and in response to
stimulation across the range of frequencies seen in vivo, remains
unexplored.
Overexpression of different mutant SNCA has been used to
generate several animal models of PD [17,18]. Mouse lines
overexpressing human A53Ta-syn under control of the mouse
prion (PrP) promoter [19–22] constitute one such model. In these
mice, the human a-syn transgene is expressed in neurons that
include nigral neurons, and in striatal synapses, but not in striatal
neurons [19]. These mice show pathological changes including
abnormal subcellular localisation of a-syn in many brain regions,
mild accumulation of insoluble a-syn in the substantia nigra and
non-specific signs of neurodegeneration in the olfactory bulb, in
the absence of overt nigrostriatal degeneration. They also show
age-related motor deficits including reduced rearing, step length
and rotarod performance. Furthermore, these mice show progres-
sive presynaptic changes, including the upregulation of vesicle-
associated proteins such as the chaperone 14-3-3 [21], and
progressive striatal postsynaptic changes, including increased DA
receptor expression, altered expression of proteins downstream of
DA signalling and reduced corticostriatal long term depression
[20,22]. These changes are suggestive of progressive deficits in
striatal DA signalling. Therefore these mice may model early PD-
PLoS ONE | www.plosone.org 1 May 2012 | Volume 7 | Issue 5 | e36397associated changes and hence are useful for investigating early
pathological mechanisms.
Mutant a-syn has been shown to reduce transmitter release in
cultured neurons [11,16], and since A53Ta-syn overexpressing
mice show changes suggestive of disrupted striatal DA transmis-
sion, we have directly investigated whether A53Ta-syn overex-
pression in mice causes deficits in dynamic striatal DA release. We
have explored DA release in two independent lines of human
A53Ta-syn overexpressing mice (lines A and B) compared to wild-
type (WT) animals for two age ranges, 6–14 months and 18–24
months. We used fast-scan cyclic voltammetry (FCV) at carbon-
fibre microelectrodes to detect DA release in real time, in acute
striatal slices, in two striatal regions differentially affected in PD
(caudate-putamen (CPu) and nucleus accumbens (NAc)).
Methods
Animals
Female mice overexpressing human A53Ta-syn under control
of the mouse prion promoter, described previously [19,20], were
compared to wild-type mice (WT) of the same background strain,
FVB/N. These A53Ta-syn overexpressing mice show an approx-
imately 1.5 fold level of a-syn protein in the striatum, and high
levels of a-syn expression in midbrain DA neuons [19,20]. Mice
from two different founder lines (line A and line B) were used, to
control for effects due to random gene insertion. Mice were used at
2 ages, a mid-adult age (6–14 months), before the onset of motor
impairments, and an old age (18–24 months) at which the onset of
motor impairments has been reported [19]. All procedures were
carried out in accordance with UK Home Office project licence
and local guidelines.
Slice preparation
Striatal slices were prepared as described previously [23,24]. In
brief, mice were sacrificed by cervical dislocation and the brains
removed and transferred to ice-cold HEPES-based buffer
containing in mM: 120 NaCl, 20 NaHCO3, 6.7 HEPES acid, 5
KCl, 3.3 HEPES salt, 2 CaCl2, 2 MgSO4, 1.2 KH2PO4,1 0
glucose, saturated with 95%O2/5%CO2. Acute 300 mm thick
coronal striatal slices, containing both dorsal striatum (CPu) and
nucleus accumbens core (NAc) were prepared in ice-cold HEPES-
based buffer and cut using a vibratome (VT1000S or VT1200S;
Leica). Slices were kept at room temperature in HEPES-based
buffer for 1 hour. Slices were transferred to the recording chamber
and superfused at approximately 1.5 ml/min in bicarbonate
buffer-based artificial CSF (aCSF) containing in mM: 124 NaCl,
26 NaHCO3, 3.8 KCl, 2.4 CaCl2, 1.3 MgSO4, 1.3 KH2PO4,1 0
glucose, saturated with 95%O2/5%CO2, at 31–33uC. Slices were
allowed to equilibrate for 30 minutes prior to recording.
Electrical stimulation
DA release was evoked using a surface bipolar concentric Pt/Ir
electode (25 mm diameter, FHC) as described previously [23,24].
The stimulating electrode was placed locally, approximately
100 mm from the recording electrode. Stimulation pulses of
200 ms duration were applied at 0.6 mA, a perimaximal current
(the minimum current found to evoke maximum DA release with a
single 200 ms pulse).
Voltammetry
Evoked extracellular DA concentration ([DA]o) was measured
using FCV at carbon-fibre microelectrodes (diameter 7–10 mm, tip
length 50–120 mm). A triangular voltage waveform was scanned
across the microelectrode (2700 to +1300 mV and back vs Ag/
AgCl reference, scan rate 800 V/s) using a Millar voltammeter,
with a sampling frequency of 8 Hz, as described previously [24].
Evoked currents were confirmed as DA by comparison of the
voltammogram with that produced during calibration with applied
DA in aCSF (oxidation peak +500–600 mV and reduction peak
2200 mV). Currents at the oxidation peak potential were
measured from the baseline of each voltammogram and plotted
against time to provide profiles of [DA]o versus time. Electrodes
were calibrated in 2 mM DA in aCSF. Calibration solutions were
made immediately before use from stock solution of 2.5 mM DA
in 0.1 M HClO4 stored at 4uC.
Experimental Design and Data Analysis
Unless otherwise stated, repeated electrical stimuli were applied
at 2.5 min intervals, by when release was reproducible and
sustainable for several hours. [DA]o varies between different
striatal sampling sites [25]. To obtain representative measure-
ments of DA release, [DA]o was measured at 5 sites in CPu
(dorsolateral, dorsomedial, ventrolateral, ventromedial and cen-
tral) and 2 sites in NAc (lateral and medial), in each animal. Data
was averaged within CPu and NAc, across animals. In each site, 2
single stimulus pulses, separated by 4 s were applied. [DA]o
evoked by the initial pulse was used as a measure of DA release,
from a naive site. [DA]o evoked by the second pulse was used as a
measure of DA re-release following a single stimulus. In
experiments investigating frequency response, data sets were
obtained from single sites per animal, in dorsolateral CPu. Stimuli
consisted of 4 pulses at a range of frequencies (5–100 Hz), covering
the full range of DA neuron firing reported in vivo [26,27]. Stimuli
were given in a pseudorandomized order and in triplicate. In
experiments investigating recovery of release following prolonged
stimulation a single site per slice, in dorsolateral CPu, was used. A
prolonged stimulation (10 Hz, 60 s) was applied and recovery of
release monitored by a single stimulus pulse at 10, 30, 60, 120, 270
and subsequent 150 s intervals after the end of prolonged
stimulation.
Data were acquired and analysed using Axoscope 10.2
(Molecular Devices) or Strathclyde Whole Cell Program (Univer-
sity of Strathclyde, Glasgow, UK) and locally written programs.
Data are expressed as mean 6 SEM with n=number of
observations. The number of animals contributing to each data
set was 3–8. To compare DA uptake in CPu, the falling phases of
all DA profiles with a peak [DA]o over 1.5 mM were time-locked to
the timepoint when [DA]o fell below 1.5 mM, averaged and
compared between genotypes. This concentration of [DA]o was
selected to allow comparison of uptake at a concentration where
signal to noise ratio is large, whilst still including a large number of
data points. For experiments investigating frequency response,
peak [DA]o evoked by 4 pulses (5–100 Hz) was normalised to peak
[DA]o evoked by a single pulse in the same drug condition. In
experiments investigating DA re-release following single pulse
stimulation, peak [DA]o evoked by a second pulse was normalised
to peak [DA]o evoked by the initial stimulation. In experiments
investigating recovery of DA release following prolonged stimu-
lation, data was normalised in two ways. To investigate the extent
of recovery of release, data was normalised to peak [DA]o evoked
by the initial prolonged stimulation. To investigate the rate of
recovery, data was normalised to the maximum recovery
(calculated as the mean peak [DA]o evoked by single pulse
stimulations 35–42 mins following prolonged stimulation).
Comparisons for differences in means were carried out in
GraphPad Prism using One or Two-way ANOVAs and post hoc
Bonferroni’s t tests. Curve fits were carried out in GraphPad Prism
using nonlinear regression analysis, using sigmoidal dose-response
Dopamine Transmission in A53Ta-synuclein Mice
PLoS ONE | www.plosone.org 2 May 2012 | Volume 7 | Issue 5 | e36397(variable slope) or two-phase exponential analysis. Significance was
considered as P,0.05.
Drugs
D-AP5, Bicuculline methiodide, Dihydro-b-erythroidine
(DHbE), 4-(8-methyl-9H-1,3-dioxolo[4,5-h][2,3]benzodiazepin-5-
yl)-benzenamine hydrochloride (GYKI 52466 hydrochloride), L-
714,626, (S)-a-methyl-4-carboxyphenylglycine (MCPG) and sa-
clofen were purchased from Tocris Biosciences or Ascent
Scientific. Drugs were dissolved in distilled water or aqueous
alkali ((S)-MCPG), aqueous acid (GYKI 52466 hydrochloride) or
dimethylsulphoxide (DMSO) (L-741,626) to make stock aliquots
1000–100006 final concentrations and stored at 220uC. Final
concentrations were made up in aCSF immediately before use.
Results
Single pulse-evoked dopamine release is not different in
A53Ta-syn overexpressers
FCV in acute striatal slices was used to investigate DA release in
2 lines of A53Ta-syn overexpressing mice (lines A and B) versus
WT mice, at 2 ages, 6–14 months and 18–24 months. We first
explored [DA]o evoked by a single electrical stimulus pulse in each
of two striatal regions, the caudate-putamen (CPu) and nucleus
accumbens core (NAc). These regions are differentially affected in
PD and DA release may be differentially controlled by synucleins
in these regions [28]. Consistent with previous studies [25], [DA]o
was lower in NAc than in CPu in all genotypes (Fig. 1a,b).
However there was no significant difference between genotypes in
mean peak [DA]o evoked by a single pulse, at either age, in either
CPu (n=15–40), or NAc (n=6–14)( Fig. 1a,b). Data was
additionally analysed by sub-region within CPu, and by appro-
priate groups of sub-regions (dorsal versus ventral, and medial
versus lateral). There was no significant effect of genotype in any
sub-region (n=3–8), or any group of subregion (n=6–16), at either
age. Therefore data were grouped into a single CPu population for
further analysis. There was also no significant difference in mean
peak [DA]o evoked by a single pulse between 6–14 month versus
18–24 month mice for any genotype, in either region (n=6–40)
(Fig. 1a,b). Cumulative distribution plots of evoked [DA]o
indicated broadly similar spreads of data in all genotypes, with
the exception of in CPu in 18–24 month mice where distribution
was significantly different between genotypes and the cumulative
distribution plot showed a slightly decreased slope in A53Ta-syn
overexpressors (Fig. 1c). The slopes of falling phases of DA
transients are a function of DA uptake rate [29], and were
compared between genotypes at a [DA]o of 1.5 mM. There was no
significant interaction between genotype and time after [DA]o
falling below 1.5 mM( n=9–28) (Fig. 1d).
A53Ta-syn overexpression modifies the frequency
dependence of DA release
DA neurons fire at a range of frequencies in vivo, from tonic, low
frequency, firing, at ,2–5 Hz, to bursts of high frequency firing, at
,15–40 Hz or higher [26,27]. These firing patterns have different
behavioural significance [30]. The filtering of these firing patterns
by DA neuron terminals into DA release can be highly dynamic
[24,25,31]. We investigated whether overexpression of A53Ta-syn
differentially modified DA release in response to stimulations of
different frequencies across this physiological range (4 pulses, 5–
100 Hz). This was explored in dorsolateral CPu only.
The frequency response of peak [DA]o formed a characteristic
inverted U shape [24,32] in all genotypes, at both ages (Fig. 2a,b
upper). This response is due to a number of activity-dependent
processes acting on [DA]o, including strong short term depression
of release [25], the activation of D2 autoreceptors at low
frequencies [33,34] and the frequency-dependent summation of
DA release and uptake. At 6–14 months there was no significant
difference in the frequency response between genotypes (normal-
ised to peak [DA]o evoked by a single pulse) (n=9–15)(Fig. 2b
upper left). At 18–24 months, normalised peak [DA]o evoked by
an intermediate frequency (10 Hz) was slightly increased in line B
compared to WT (2-way ANOVA, post hoc Bonferroni t test,
P,0.01; n=9–15), but not in line A (Fig. 2b upper right).
The frequency dependence of striatal DA release is strongly
controlled by acetylcholine (ACh) [31,35]. ACh is released from
striatal cholinergic interneurons and acts at nicotinic acetylcholine
receptors (nAChRs) on DA axons. When nAChRs are active,
initial DA release probability in response to a given depolarising
stimulus is relatively high [31,36]. DA release then shows strong
short term depression so, as shown above, release is relatively
insensitive to firing frequency. When nAChRs are inhibited, initial
DA release probability is reduced. This reduction relieves
depression during a train and release becomes strongly dependent
on stimulation frequency [31,35]. In vivo, striatal cholinergic
interneurons show dynamic changes in activity, ranging from
pauses to brief bursts that might co-vary with activity in DA
neurons [37–39] but the state of nAChR activation is not known.
In any event, nAChR activity will mask, or confound, the
regulation of DA release by presynaptic mechanisms that are
intrinsic to the DA axon. Therefore we also investigated whether
overexpression of A53Ta-syn modifies DA release when nAChRs
are inhibited, using the nAChR antagonist DHbE( 1mM).
With DHbE, [DA]o evoked by 4 pulses, showed a strong
frequency sensitivity, increasing with increasing frequency
(Fig. 2a,b lower), as previously reported [31,35]. This frequency
response was seen in all genotypes across ages. However, at 6–14
months, peak [DA]o evoked by 100 Hz stimulation (normalised to
[DA]o evoked by a single pulse) was lower in line B compared to
WT (2-way ANOVA, post hoc Bonferroni t test, P,0.001; n=9–
15). There was no significant difference between line A and WT
(Fig. 2b lower left). In contrast at 18–24 months, peak [DA]o
evoked by 100 Hz stimulation (normalised to [DA]o evoked by a
single pulse) was lower in both lines A and B compared to WT (2-
way ANOVA, post hoc Bonferroni t test, P,0.05; n=9–15)(Fig. 2b
lower right).
A53Ta-syn overexpression effects on re-release
We explored the effect of A53Ta-syn overexpression on the
recovery of DA re-release evoked by single pulses in two
paradigms, either following a single stimulus pulse or following a
prolonged stimulus train. In the first protocol, re-release was
explored at second pulse given at an inter-stimulus interval of 4 s,
a timepoint when deletion of a-synuclein has been reported to
modify DA re-release in some studies [40], although not others
[41]. The ratio of peak [DA]o evoked by this second compared to
the first pulse was ,0.3, in all genotypes at both ages (Fig. 3). This
is characteristic of the strong short term depression of DA release
seen in vitro, from which DA release takes 30–60 s to recover
[25,40]. There was however, no significant difference between
genotypes in the P2/P1 ratio, for either age range, in CPu (Fig. 3,
n=15–40) or NAc (data not shown).
It has been reported that a-syn may control recycling or
reclustering of vesicle pools after more prolonged stimulation
[15,16]. Thus in the second protocol to explore re-release, we
explored recovery of release after prolonged stimulation trains
(60 s at 10 Hz) after which DA release is undetectable for several
seconds before partial recovery. These experiments focussed on
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PLoS ONE | www.plosone.org 3 May 2012 | Volume 7 | Issue 5 | e36397Figure 1. A53Ta-syn overexpression does not affect [DA]o evoked by a single stimulus pulse. (a) Profiles of mean [DA]o6 SEM versus
time, after single pulse stimulation (arrow). There was no significant difference in [DA]o between genotypes, at either age or in either region (n=15–
40 (CPu), n=6–14 (NAc)). There was also no significant difference in mean peak [DA]o between 6–14 and 18–24 month mice of any genotype (n=15–
40 (CPu), n=6–14 (NAc)). (b) Mean peak [DA]o6 SEM evoked by a single pulse. (c) Cumulative distribution plots of peak [DA]o (mM) evoked by a single
stimulation pulse. Curve fits are sigmoidal variable slope curves, R
2.0.93. Curves are not significantly different between genotypes at 6–14 months in
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were carried out in the presence of a mixture of antagonists for
glutamate (NMDA: D-APV, 50 mM, mGluR: (S)-MCPG,
200 mM, AMPA: GYKI52466, 10 mM), GABA (GABAA: bicu-
culline, 10 mM, GABAB: saclofen, 50 mM) and D2 (L-714,626,
1 mM) receptors which may modulate DA release during long
stimulation trains (but not significantly during sub-second stimu-
lations [25,42]). A prolonged 10 Hz stimulus train (60 s) was
applied and DA re-release was monitored using a single stimulus
pulse at timepoints 10, 30, 60, 120, 270 s and at subsequent 150 s
intervals after the end of the 10 Hz train. There was no significant
difference between genotypes in the mean peak [DA]o evoked by
the initial long 10 Hz stimulus train (Fig. 4a) but, recovery of
single pulse [DA]o varied with genotypes when normalised to
either the peak [DA]o evoked by the initial stimulus (Fig. 4b)o rt o
the maximum recovery of [DA]o (Fig. 4c). DA release by a single
pulse recovered to ,25–35% of release evoked by the initial
prolonged stimulation, but to a significantly greater extent
(Fig. 4b) and with a significantly enhanced rate (Fig. 4c) in both
A53Ta-syn overexpressing lines compared to WT. Two-phase
exponential curve fits of both data sets (R
2.0.80) are significantly
different between genotypes.
Discussion
Mice that overexpress A53T-SNCA may be a useful model to
explore the processes underlying PD since they have abnormalities
in striatal presynaptic protein expression and postsynaptic
signalling, and have cellular aggregations and motor behaviours
CPu or at either age in NAc, but are significantly different in CPu at 18–24 months. (d) Mean decay phases of concentration-matched DA transients in
CPu do not differ between genotypes (n=9–28).
doi:10.1371/journal.pone.0036397.g001
Figure 2. A53Ta-syn overexpression causes subtle deficits in DA release in response to high versus low frequency stimulation,
when nAChRs are inhibited. (a) Profiles of mean [DA]o6 SEM versus time, evoked by 4-pulse stimulation (1–100 Hz), with intact nAChR activity
(upper), and with nAChR inhibition (DHbE, 1 mM) (lower)(6–14 months only shown). (b) Mean peak [DA]o6SEM evoked by 4-pulse stimulation (1–
100 Hz), normalised to single pulse release, with nAChR activity (upper) and with nAChR inhibition (in DHbE, 1 mM)(lower). With intact nAChR activity,
there was no significant difference in frequency response between genotypes at 6–14 months (n=9–15). At 18–24 months, normalised peak [DA]o
evoked by 10 Hz stimulation was slightly greater in line B versus WT (2-way ANOVA, post hoc Bonferroni t tests, p,0.05; n=9–15). With nAChR
inhibition, in DHbE, at 6–14 months, normalised peak [DA]o evoked by 100 Hz stimulation was significantly lower in line B than WT (2-way ANOVA,
post hoc Bonferroni t test, p,0.001; n=9–15) and, at 18–24 months, normalised peak [DA]o evoked by 100 Hz stimulation was significantly lower in
both A53Ta-syn overexpressing lines compared to WT (2-way ANOVA, post hoc Bonferroni t test, p,0.05; n=9–15).
doi:10.1371/journal.pone.0036397.g002
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21]. Somewhat paradoxically, these mice have also been reported
to have elevated striatal DA content [20]. DA releasability in this
model has however previously remained unknown. Here, we
explored directly the properties of DA release in the striatum of
these mice using subsecond detection at extracellular carbon
microelectrodes. We show that normal extracellular concentra-
tions of DA can be evoked in these mice, but that A53Ta-syn
overexpression causes subtle modifications to some properties of
release. In particular, A53Ta-syn overexpressors showed a deficit
in the frequency responsiveness of DA release, when the
confounding effects of striatal ACh acting at presynaptic nAChRs
were antagonized, and a slight increase in the recovery of DA
release following prolonged stimulation, in old-aged mice. These
changes in regulation of release are modest but may contribute to
or indicate striatal dysfunction.
Absolute [DA]o is not modified
a-synuclein has been reported to be a negative regulator of
transmitter release, in both dopaminergic and non-dopaminergic
systems [11,16,28,40,41] and knockout of the synuclein family
results in elevated [DA]o evoked by single pulses in dorsal striatum,
but not in the adjacent NAc [28]. We investigated whether
conversely, overexpression of A53Ta-syn reduced single pulse-
evoked DA release in CPu or NAc, but A53Ta-syn overexpression
had no significant effect on mean peak DA release evoked by
single stimuli, in either striatal region, in either mid-age (6–14
months) or old-age (18–24 months) mice. Analysis of the
cumulative distribution of individual data points did indicate
slight changes in DA releasability in a subset of sites in CPu, due
either to a relative reduction in low releasing sites or increase in
high-releasing sites, but overall, [DA]o evoked in A53T over-
expressors were typical of those seen in wild-types. However, these
data, alongside the finding that A53Ta-syn overexpressors have a
20–30% increase in striatal DA content, indicate that there is a
decrease in the fraction of stored DA that is released by each
Figure 3. DA re-release following a single pulse stimulation is unchanged in A53Ta-syn overexpressors. (a) Profiles of mean [DA]o6
SEM versus time, evoked by 2 single pulse stimulations, separated by 4 s. There was no significant difference in normalised [DA]o evoked by a second
pulse between genotypes, at either age, in either region (CPu only shown)(n=15–40). (b) Mean peak [DA]o6SEM evoked by second stimulus pulse,
normalised to peak [DA]o evoked by first stimulus pulse.
doi:10.1371/journal.pone.0036397.g003
Figure 4. A53Ta-syn overexpressors show enhanced recovery of DA release following prolonged stimulation. (a) Mean peak [DA]o6
SEM evoked during a prolonged 10 Hz train (60 s), normalised to mean peak [DA]o evoked by a single pulse. There was no significant difference in
normalised peak [DA]o between genotypes (n=8–10). (b,c) Mean peak [DA]o6 SEM evoked by a single stimulus pulse, against time after the end of
initial prolonged stimulation. Values were normalised to (b) peak [DA]o evoked by initial 10 Hz train or to (c) maximum [DA]o evoked by subsequent
single pulses. Curve fits are two phase exponential associations, R
2.0.80. Both sets of curves are significantly different between genotypes. Inset is
the expanded initial 5 minutes following the end of prolonged stimulation, showing the same curve fits as main graphs.
doi:10.1371/journal.pone.0036397.g004
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releasability.
Frequency response of DA release is subtly modified
DA neurons fire at a range of frequencies in vivo, [26,27] and
DA release can be differently regulated or filtered during these
different frequencies of activity [31,35]. This filtering is strongly
dependent on striatal network factors, including ACh released
from striatal cholinergic interneurons, which acts at nAChRs on
DA axons to dynamically modulate DA release [31,35,36]. Thus it
was important here to assess [DA]o evoked by a full range of
physiologically relevant firing frequencies with and without
activation of nAChRs. In drug-free conditions, when nAChRs
can be activated by endogenous striatal ACh, the frequency
response of DA release followed a characteristic inverted-U
relationship in all genotypes [23]. The frequency response of DA
release was broadly similar across genotypes but was subtly altered
at intermediate frequencies in old-aged mice in one line of A53Ta-
syn overexpressors, line B. This outcome is difficult to interpret
since it was not common to both lines of A53T overexpressors, but
may reflect a more pronounced phenotype in this line as evidenced
by a higher degree of overexpression and earlier deficits in
spontaneous locomotion in this line (see [19]).
When the confounding effects of nAChRs were removed,
through addition of an nAChR antagonist, the underlying
frequency sensitivity of DA release was enhanced in each genotype
(as published previously in wild types [31,35,36]), but notably the
overall frequency sensitivity of evoked [DA]o was significantly less
in A53Ta-syn overexpressors compared to wild-type, in one
A53Ta-syn line of mid-aged mice (line B) and in both lines of old-
aged mice. Reduced frequency sensitivity can arise through a
number of mechanisms. In many neuronal systems, frequency
sensitivity and initial transmitter release probability are inversely
correlated [43,44], since an increased release probability leads to
increased short-term depression of release, and hence a decrease in
subsequent transmitter release. Therefore reduced frequency
sensitivity of DA release may result from an increase in initial
release probability [25,45]. Alternatively it may arise from a
reduction in short-term facilitatory processes that underlie short-
term plasticity in neurotransmitter release. Through either possible
underlying mechanism, the dynamic increases in extracellular DA
concentrations that are thought to signal bursts in DA neuron
firing to postsynaptic neurons, may be compromised by this deficit,
and in turn contribute to the progressive postsynaptic changes,
such as increased DA receptor expression, and motor deficits that
occur in these mice.
Modified DA synapse function is indicated by changes to
DA re-release
a-syn has been implicated in the control of transmitter vesicle
pools, their trafficking, reclustering and re-release [13–16,40]. In
addition A53Ta-syn overexpressors show upregulation of several
proteins associated with vesicle trafficking and cycling, such as the
chaperone protein 14-3-3 and endocytic protein dynamin [21].
We used two different protocols differing in stimulation intensity,
to explore whether A53T overexpression modified DA re-release
in CPu. Release in a mild paired-pulse paradigm was not different
between genotypes but following a prolonged stimulus train that
was designed to deplete DA terminals of readily releasable vesicles
[46], overexpression of A53Ta-syn altered the recovery of DA
release in old-aged animals. The extent and rate of recovery of
release was significantly greater in both lines of A53Ta-syn
overexpressors compared to WT. These data are in keeping with
the enhanced DA storage capability of these animals [20], but may
also indicate an enhanced vesicle reserve pool which can more
readily replace the normally releasable pool; indeed hippocampal
neurons from a-syn knockout mice are reported conversely to have
a decrease in the size of glutamate reserve pools [14]. Alternatively
this enhanced DA re-releasability may result from the upregula-
tion of vesicle chaperone proteins seen in these mice [21]. Then
again, the increase in re-release could be caused by an
upregulation of any number of mechanisms that contribute to
DA availability (e.g. synthesis), and could thus be in keeping with
compensatory presynaptic adaptations that have occurred in vivo
after A53T expression to offset deficits in DA releasability e.g.
those resulting from reduced fractional DA release or deficits in
high frequency release. These data are however inconsistent with
findings in cultured neurons that a-syn overexpression decreases
vesicle reclustering, and hence transmitter release, following
prolonged stimulation [16]. Surprisingly little is established
regarding the factors that regulate the availability and releasability
of vesicular pools for DA, and DA vesicles do not readily cluster
anatomically at presynaptic active zones [28] unlike at synapses for
many other transmitters e.g. glutamate [47], suggesting that
different factors may regulate vesicular pools for DA compared to
glutamate.
Conclusions
Here we show that A53Ta-syn overexpressing mice have subtle
modifications to striatal DA release. They have small but
significant deficits in the sensitivity of DA release to frequency of
activity, and they have enhanced recovery of DA re-release
following prolonged stimulation. These DA synapse dysfunctions
are modest but may nonetheless contribute to postsynaptic
changes and motor deficits.
Acknowledgments
We thank Birgitt Meseck-Selchow for technical assistance.
Author Contributions
Conceived and designed the experiments: GA SG NJP SJC. Performed the
experiments: NJP. Analyzed the data: NJP SJC. Contributed reagents/
materials/analysis tools: GA SG. Wrote the paper: NJP GA SJC.
References
1. Spillantini MG, Schmidt ML, Lee VMY, Trojanowski JQ, Jakes R, et al. (1997)
[alpha]-Synuclein in Lewy bodies. Nature 388: 839–840.
2. Polymeropoulos MH, Lavedan C, Leroy E, Ide SE, Dehejia A, et al. (1997)
Mutation in the {alpha}-Synuclein Gene Identified in Families with Parkinson’s
Disease. Science 276: 2045–2047.
3. Kru ¨ger R, Kuhn W, Mu ¨ller T, Woitalla D, Graeber M, et al. (1998) Ala30Pro
mutation in the gene encoding a-synuclein in Parkinson’s disease. Nature
Genetics 18: 106–108.
4. Singleton AB, Farrer M, Johnson J, Singleton A, Hague S, et al. (2003) a-
Synuclein Locus Triplication Causes Parkinson’s Disease. Science 302: 841.
5. Simon-Sanchez J, Schulte C, Bras JM, Sharma M, Gibbs JR, et al. (2009)
Genome-wide association study reveals genetic risk underlying Parkinson’s
disease. Nat Genet 41: 1308–1312.
6. Satake W, Nakabayashi Y, Mizuta I, Hirota Y, Ito C, et al. (2009) Genome-wide
association study identifies common variants at four loci as genetic risk factors
for Parkinson’s disease. Nat Genet 41: 1303–1307.
7. Jensen PH, Nielsen MS, Jakes R, Dotti CG, Goedert M (1998) Binding of a-
Synuclein to Brain Vesicles Is Abolished by Familial Parkinson’s Disease
Mutation. Journal of Biological Chemistry 273: 26292–26294.
8. Jenco JM, Rawlingson A, Daniels B, Morris AJ (1998) Regulation of
Phospholipase D2: Selective Inhibition of Mammalian Phospholipase D
Isoenzymes by a-a n db-Synucleins{. Biochemistry 37: 4901–4909.
Dopamine Transmission in A53Ta-synuclein Mice
PLoS ONE | www.plosone.org 7 May 2012 | Volume 7 | Issue 5 | e363979. Perez RG, Waymire JC, Lin E, Liu JJ, Guo F, et al. (2002) A Role for a-
Synuclein in the Regulation of Dopamine Biosynthesis. The Journal of
Neuroscience 22: 3090–3099.
10. Chandra S, Gallardo G, Ferna ´ndez-Chaco ´n R, Schlu ¨ter OM, Su ¨dhof TC (2005)
[alpha]-Synuclein Cooperates with CSP[alpha] in Preventing Neurodegenera-
tion. Cell 123: 383–396.
11. Larsen KE, Schmitz Y, Troyer MD, Mosharov E, Dietrich P, et al. (2006)
{alpha}-Synuclein Overexpression in PC12 and Chromaffin Cells Impairs
Catecholamine Release by Interfering with a Late Step in Exocytosis. J Neurosci
26: 11915–11922.
12. Burre ´ J, Sharma M, Tsetsenis T, Buchman V, Etherton MR, et al. (2010) a-
Synuclein Promotes SNARE-Complex Assembly in Vivo and in Vitro. Science
329: 1663–1667.
13. Murphy DD, Rueter SM, Trojanowski JQ, Lee VM-Y (2000) Synucleins Are
Developmentally Expressed, and alpha -Synuclein Regulates the Size of the
Presynaptic Vesicular Pool in Primary Hippocampal Neurons. J Neurosci 20:
3214–3220.
14. Cabin DE, Shimazu K, Murphy D, Cole NB, Gottschalk W, et al. (2002)
Synaptic Vesicle Depletion Correlates with Attenuated Synaptic Responses to
Prolonged Repetitive Stimulation in Mice Lacking alpha -Synuclein. J Neurosci
22: 8797–8807.
15. Yavich L, Tanila H, Vepsalainen S, Jakala P (2004) Role of {alpha}-Synuclein
in Presynaptic Dopamine Recruitment. J Neurosci 24: 11165–11170.
16. Nemani VM, Lu W, Berge V, Nakamura K, Onoa B, et al. (2010) Increased
Expression of 6-Synuclein Reduces Neurotransmitter Release by Inhibiting
Synaptic Vesicle Reclustering after Endocytosis. Neuron 65: 66–79.
17. Fernagut P-O, Chesselet M-F (2004) Alpha-synuclein and transgenic mouse
models. Neurobiology of Disease 17: 123–130.
18. Dawson TM, Ko HS, Dawson VL (2010) Genetic Animal Models of Parkinson’s
Disease. Neuron 66: 646–661.
19. Gispert S, Turco DD, Garrett L, Chen A, Bernard DJ, et al. (2003) Transgenic
mice expressing mutant A53T human alpha-synuclein show neuronal
dysfunction in the absence of aggregate formation. Molecular and Cellular
Neuroscience 24: 419–429.
20. Kurz A, Double KL, Lastres-Becker I, Tozzi A, Tantucci M, et al. (2010) A53T-
Alpha-Synuclein Overexpression Impairs Dopamine Signaling and Striatal
Synaptic Plasticity in Old Mice. PLoS ONE 5: e11464.
21. Kurz A, May C, Schmidt O, Mu ¨ller T, Stephan C, et al. (2011) A53T-alpha-
synuclein-overexpression in the mouse nigrostriatal pathway leads to early
increase of 14-3-3 epsilon and late increase of GFAP. Journal of Neural
Transmission. pp 1–16.
22. Tozzi A, Costa C, Siliquini S, Tantucci M, Picconi B, et al. (2011) Mechanisms
underlying altered striatal synaptic plasticity in old A53T-a synuclein
overexpressing mice. Neurobiology of Aging.
23. Exley R, Clements MA, Hartung H, McIntosh JM, Cragg SJ (2007) [alpha]6-
Containing Nicotinic Acetylcholine Receptors Dominate the Nicotine Control of
Dopamine Neurotransmission in Nucleus Accumbens. Neuropsychopharmacol-
ogy 33: 2158–2166.
24. Threlfell S, Clements MA, Khodai T, Pienaar IS, Exley R, et al. (2010) Striatal
Muscarinic Receptors Promote Activity Dependence of Dopamine Transmission
via Distinct Receptor Subtypes on Cholinergic Interneurons in Ventral versus
Dorsal Striatum. The Journal of Neuroscience 30: 3398–3408.
25. Cragg SJ (2003) Variable Dopamine Release Probability and Short-Term
Plasticity between Functional Domains of the Primate Striatum. J Neurosci 23:
4378–4385.
26. Grace AA, Bunney BS (1984) The control of firing pattern in nigral dopamine
neurons: Burst firing. Journal of Neuroscience 4: 2877–2890.
27. Hyland BI, Reynolds JNJ, Hay J, Perk CG, Miller R (2002) Firing modes of
midbrain dopamine cells in the freely moving rat. Neuroscience 114: 475–492.
28. Anwar S, Peters O, Millership S, Ninkina N, Doig N, et al. (2011) Functional
Alterations to the Nigrostriatal System in Mice Lacking All Three Members of
the Synuclein Family. Journal of Neuroscience 31: 7264–7274.
29. Giros B, Jaber M, Jones SR, Wightman RM, Caron MG (1996) Hyperlocomo-
tion and indifference to cocaine and amphetamine in mice lacking the dopamine
transporter. Nature 379: 606–612.
30. Schultz W (2007) Behavioral dopamine signals. Trends in Neurosciences 30:
203–210.
31. Rice ME, Cragg SJ (2004) Nicotine amplifies reward-related dopamine signals in
striatum. Nature Neuroscience 7: 583.
32. Exley R (2008) Presynaptic nicotinic receptors: a dynamic and diverse
cholinergic filter of striatal dopamine neurotransmission. British Journal of
Pharmacology 153: S283.
33. Benoit-Marand M, Borrelli E, Gonon Fo (2001) Inhibition of Dopamine Release
Via Presynaptic D2 Receptors: Time Course and Functional Characteristics In
Vivo. Journal of Neuroscience 21: 9134–9141.
34. Schmitz Y, Schmauss C, Sulzer D (2002) Altered Dopamine Release and
Uptake Kinetics in Mice Lacking D2 Receptors. J Neurosci 22: 8002–8009.
35. Zhang H, Sulzer D (2004) Frequency-dependent modulation of dopamine
release by nicotine. Nature Neuroscience 7: 581.
36. Zhou F, Liang Y, Dani JA (2001) Endogenous nicotinic cholinergic activity
regulates dopamine release in the striatum. Nature Neuroscience 4: 1224.
37. Morris G, Arkadir D, Nevet A, Vaadia E, Bergman H (2004) Coincident but
Distinct Messages of Midbrain Dopamine and Striatal. Tonically Active
Neurons 43: 133–143.
38. Apicella P, Deffains M, Ravel S, Legallet E (2009) Tonically active neurons in
the striatum differentiate between delivery and omission of expected reward in a
probabilistic task context. European Journal of Neuroscience 30: 515–526.
39. Apicella P, Ravel S, Deffains M, Legallet E (2011) The Role of Striatal Tonically
Active Neurons in Reward Prediction Error Signaling during Instrumental Task
Performance. J Neurosci 31: 1507–1515.
40. Abeliovich A, Schmitz Y, Farin ˜as I, Choi-Lundberg D, Ho W-H, et al. (2000)
Mice Lacking [alpha]-Synuclein Display Functional Deficits in the Nigrostriatal
Dopamine System. Neuron 25: 239–252.
41. Senior SL, Ninkina N, Deacon R, Bannerman D, Buchman VL, et al. (2008)
Increased striatal dopamine release and hyperdopaminergic-like behaviour in
mice lacking both alpha-synuclein and gamma-synuclein. European Journal of
Neuroscience 27: 947–957.
42. Zhang H, Sulzer D (2003) Glutamate Spillover in the Striatum Depresses
Dopaminergic Transmission by Activating Group I Metabotropic Glutamate
Receptors. Journal of Neuroscience 23: 10585–10592.
43. Thomson AM, Deuchars J, West DC (1993) Large, deep layer pyramid-pyramid
single axon EPSPs in slices of rat motor cortex display paired pulse and
frequency-dependent depression, mediated presynaptically and self-facilitation,
mediated postsynaptically. Journal of Neurophysiology 70: 2354–2369.
44. Thomson AM (1997) Activity-dependent properties of synaptic transmission at
two classes of connections made by rat neocortical pyramidal axons in vitro. The
Journal of Physiology 502: 131–147.
45. Cragg SJ (2006) Meaningful silences: how dopamine listens to the ACh pause.
Trends in Neurosciences 29: 125–131.
46. Gubernator NG, Zhang H, Staal RGW, Mosharov EV, Pereira DB, et al. (2009)
Fluorescent False Neurotransmitters Visualize Dopamine Release from
Individual Presynaptic Terminals. Science 324: 1441–1444.
47. Rizzoli SO, Betz WJ (2005) Synaptic vesicle pools. Nat Rev Neurosci 6: 57–69.
Dopamine Transmission in A53Ta-synuclein Mice
PLoS ONE | www.plosone.org 8 May 2012 | Volume 7 | Issue 5 | e36397